intestinal fat absorption; lipids; lipoproteins; apolipoproteins; cystic fibrosis CYSTIC FIBROSIS TRANSMEMBRANE conductance regulator (CFTR) is a channel expressed on the apical membrane of a wide variety of epithelial cells and functions both as a chloride channel and as a modulator of the conductance of other ion channels (2, 67, 78) . CFTR is highly expressed in the gastrointestinal tract, where its distribution pattern reflects its role in regulating the proper concentrations of fluid and ion in intestinal, hepatobiliary, and pancreatic secretions (73) . Cystic fibrosis (CF), the most common recessive congenital disease in Caucasians, is characterized by the complete absence of CFTR or defects in its intracellular processing and/or activity (11, 77, 80) . Although increasingly severe pulmonary diseases account for early morbidity and mortality observed in CF patients, exocrine pancreatic insufficiency is a significant determinant of this life-shortening recessive illness. Despite improvements in pancreatic enzyme potency and intestinal delivery, many patients experience incomplete dietary fat absorption and severe steatorrhea and thus maintain a certain state of essential fatty acid (FA) and fat-soluble vitamin deficiencies. Contributing factors to this persistent fat malabsorption include inactivation of the exogenous pancreatic lipase caused by the acidification of the acinar and intestinal lumen secondary to reduced input of duodenal and pancreatic bicarbonate (12, 65) , alterations in the composition of the membrane of the intestinal epithelium that affect its permeability and fluidity and the transport of several nutrients (19, 64) , and finally the impairment of postlipolytic events such as micellar formation and solubilization, enterocyte uptake of FA, lipid esterification, apolipoprotein (apo) biosynthesis, and chylomicron (CM) formation and secretion (36, 56) . Remarkable benefits resulting from exogenous pancreatic supplementation, bile salt replacement therapy, or pharmacological agents aimed at neutralizing the acidic intestinal pH have contributed to the continual improvement of the quality of life of CF patients (45, 58) . However, despite these significant steps forward, fat malabsorption remains a persistent feature in CF patients. Studies aimed at increasing our understanding of the intestinal handling of macro-and micronutrients in CF are multiple although none of them has specifically addressed the direct implication of CFTR irregularities or any of its mutations in lipid absorption and metabolism by the intestinal cells.
Current dietary guidelines for CF patients include the intake of a high-fat, high-calorie diet that is designed to minimize the deleterious effect on health of impaired lipid absorption (6) . However, despite these targeted and aggressive nutritional interventions, alterations in serum and tissue lipid profile are commonly reported in CF individuals (21, 24, 55) . The most consistent changes regard decreased amounts of linoleic acid (18:2n-6 ) and docosahexaenoic acid (22:6n-3) and normal to increased levels of arachidonic acid (20:4n-6) (72) . CF patients receiving pancreatic enzymes have demonstrated elevated 20:3 (n-9) to 20:4 (n-6) ratio, a sensitive index of essential FA deficiency (EFAD) (56) . EFAD had also been documented in well-nourished and pancreatic-sufficient patients (16, 24, 61) . Incertitude exists regarding the role played by EFAD in defective FA metabolism. Some authors have suggested that EFAD would rather constitute a secondary phenomenon originating from CFTR dysfunction (24) . Moreover, individuals carrying only one mutated CFTR allele display alterations in their tissue and serum lipid profile that are intermediate between healthy controls and CF subjects, which might suggest an implication of CFTR in the control of lipid homeostasis (13, 24) .
Despite its high expression level in intestinal tissue and alterations in FA metabolism of CFTR mutation carriers, the physiological role of this channel has never been thoroughly ascertained in intestine with respect to intracellular lipid processing. The observation that CF patients still experience fat malabsorption, steatorrhea, and signs of EFAD after aggressive therapeutic interventions leads us to hypothesize that CFTR, by itself or through the modulation of other effectors, plays a crucial role in the intracellular phase of fat absorption and thus its dysfunction might contribute to the abnormal lipid profile observed in CF homozygous and heterozygous CFTR carriers.
MATERIALS AND METHODS
Cell culture. The colon carcinoma cell line Caco-2/15 (ATCC, Rockville, MD) was used for all experiments and maintained at subconfluent stages in MEM supplemented with 5% fetal bovine serum (FBS), 1% nonessential amino acids (NEAA), and 1% antibiotics (all reagents from GIBCO, Grand Island, NY). For several experiments, cells were plated at a density of 1 ϫ 10 6 cells on 24.5-mm polycarbonate Transwell filter inserts (Costar, Cambridge, MA) with 0.4-m pores in the same culture medium as above except for the antibiotics, which were omitted. Cells were analyzed between 12-15 days postplating, which represented an appropriate period to study lipid metabolism in state of full differentiation (27, 40, 51, 52) .
Trypan blue exclusion test was performed to evaluate cell survival whereas cellular and functional differentiation was assessed by examining villin protein expression (10, 33) . The measurement of transepithelial resistance (TER) was also used to evaluate tight junction permeability. TER was monitored in differentiated Caco-2/15 cells with a MilliCell-Electrical resistance system (Millipore, Bedford, MA) by immersing two electrodes in the upper and lower chambers of the Transwell unit. Resistance values were corrected for the resistance of an empty filter and expressed as ohms times square centimeters.
Lentivirus production. Short hairpin RNAs (shRNAs) targeting CFTR and individually cloned into plko.1-puromycin vector were purchased from Open Biosystems (Huntsville, AL). Lentiviral stocks were prepared with use of HEK293FT as packaging cells. Nearly confluent cells were transfected by the standard calcium-phosphate method with 5 g of each of the following DNA plasmids: pLP1, pLP2, pLP/VSVG, and either plko.1 empty vector (used as a control), plko.1-containing CFTR shRNA insert, or pLentiV5-GFP. Following a 24-h period of cell transfection, medium was replaced with fresh DMEM containing 10% FBS, 1% sodium pyruvate (Sigma, St. Louis, MO), and 1% GlutaMAX (GIBCO). The viral supernatants were collected 3 days posttransfection, aliquoted, and stored at Ϫ80°C for no longer than 3 days. Virus titers were determined by using the Lenti-X qRT-PCR titration kit (Qiagen, Valencia, CA).
Cell infection. Caco-2/15 cells were plated at a density of 1 ϫ 10 6 cells in six-well plates containing 1 ml of viral supernatant and 4 g/ml of Polybrene (Sigma). MEM (1 ml) containing 5% FBS, NEAA, and 4 g/ml Polybrene was added 1 h postplating to help cell recovery. After 3 days of incubation with the lentivirus, cells were trypsinized and allowed to grow in 10-cm 2 dishes in culture medium supplemented with 2 g/ml of puromycin (Sigma) to establish a stable CFTR knockdown Caco-2/15 cell line. When cells reached 80% confluence, they were trypsinized and plated at a density of 1 ϫ 10 6 cells on 24.5-mm polycarbonate Transwell filter inserts and allowed to differentiate for a period of 12-15 days. Infection efficiency was monitored by green fluorescent protein (GFP) expression in cells infected with the lentivirus carrying the GFP. Mock-infected cells served as negative controls.
RNA isolation and RT-PCR. RNA was isolated from differentiated Caco-2/15 cells using Trizol (Invitrogen, Carlsbad, CA) according to manufacturer's instructions as described previously (38, 50, 63) . A quantity of 2 g of total RNA was reverse transcribed by using the Moloney murine leukemia virus reverse transcriptase (Invitrogen). PCR reactions for CFTR and GAPDH (as a housekeeping gene) were set up by using intron-spanning primers and were performed on a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA) at the following conditions: 95°C for 30 s, 58 (GAPDH) or 60°C (CFTR) for 1 min, and 72°C for 1 min. About 23 and 28 cycles of amplification were used for CFTR and GAPDH, respectively, which correspond to the linear portion of the exponential phase for each gene expression.
Immunoblotting. Total lysate proteins (20 g) were separated on SDS-PAGE and electroblotted onto nitrocellulose membranes as described previously (38, 60) . After 1 h of blocking in 5% nonfat dry milk at room temperature, membranes were incubated with one of the following primary antibodies: 1:1,000 anti-CFTR (Cellular Signaling, Danvers, MA), 1:15,000 anti-SRB1, 1:5,000 anti-NPC1L1, 1:500 anti-ABCG8 (all from Novus, Littleton, CO), or 1:40,000 mouse monoclonal anti-␤ actin antibody (Sigma) overnight at 4°C. Membranes were thoroughly washed in Tris-buffered saline containing 0.1% Tween and further incubated in species-specific horseradish peroxidase-conjugated secondary antibody (Roche Diagnostics, Mannheim, Germany) for 1 h at room temperature. Blots were developed with the chemiluminescent substrate Luminol (Roche).
Preparation of FA complexed to albumin. The complex oleic acid-albumin was prepared according to Field et al. (22) . Briefly, a 100 mM solution of oleic acid (Sigma) was dissolved in ethanol and mixed with an equal volume of NaOH 0.1 N. The mixture was evaporated under a stream of nitrogen. [ 14 C]oleic acid (specific activity of 55 mCi/mmol; GE Healthcare, Piscataway, NJ) was added to the unlabeled oleic acid and evaporated to dryness. The residue was solubilized in FA-free bovine albumin serum (BSA) while vortexing. The BSA-to-oleic acid ratio was 1:5 (mol:mol), and the final oleic acid concentration was 0.7 mM.
Isolation and analysis of intracellular lipid fractions. Caco-2/15 cells were cultured for 10 days on polycarbonate Transwell filter inserts as described above. Lipid synthesis was assessed as described previously (27, 51) . On day 10, the apical medium was replaced with 1.5 ml serum-free medium containing 1 mol/ml of cold oleic acid-BSA. After a preincubation of 24 h, 0.45 Ci/well of [ 14 C]oleic acid-BSA was added in the upper compartment of the Transwell and cells were incubated for another 24-h period. Following this incubation, basolateral media were collected and cells were lysed in a buffer consisting of 10 mM Tris, 150 mM NaCl, 0.025% sodium azide, 5 mM EDTA, 0.1% SDS, 1% Triton X-100, 0.5% sodium desoxycholate, and 1 mM each of pepstatin A, PMSF, and aprotinin. Protein concentrations of cell homogenates were determined by the Bradford assay (Bio-Rad). Lipid fractions of both basolateral media and cells were extracted overnight in a mixture of chloroform-methanol (2:1 vol/vol) and separated by thin-layer chromatography (TLC) using the solvent mixture hexane-ether-acetic acid 80:20:3 (vol/vol/vol). The areas corresponding to the lipid fractions phospholipids (PL), triglycerides (TG), and cholesteryl ester (CE) were scraped off the TLC plates and transferred to scintillation vials containing 10 ml of scintillation fluid (Beckman-Coulter, Fullerton, CA), and radioactivity was measured as described previously (44, 53, 71) .
Lipid carrier. Blood was drawn 3 h after the ingestion of a high-fat meal by a human volunteer. It was centrifuged to remove red blood cells, and the postprandial plasma supplemented with 1 mM of aprotinin and 0.1% of sodium azide served as a carrier for the synthesis of TG-rich lipoproteins as described previously (39, 41).
Isolation and analysis of lipoproteins.
Caco-2/15 cells were incubated with the same radiolabeled lipid substrate and for the same time length as detailed above. Basolateral media were collected and supplemented with 1 mM antiproteases. Postprandial plasma was added to the media at a final proportion of 1:4 (vol/vol). Lipoprotein fractions were isolated by serial ultracentrifugations using a TL-100 ultracentrifuge (Beckman) according to our established technique (27, 39) . CMs were first isolated following a 40-min centrifugation at 25,000 g. Very-low density lipoprotein (VLDL) (density Ͻ 1.006 g/ml) and low-density lipoprotein (LDL) (density Ͻ 1.063 g/ml) were separated after 2.5 h centrifugation at 100,000 g. The LDL infranatant was adjusted to a density of 1.21 g/ml with potassium bromide and spun at 100,000 g for 6.5 h to obtain the high-density lipoprotein (HDL) fraction. All fractions were subsequently dialyzed against a buffer containing 0.15 M of NaCl and 0.01% EDTA, pH 7.0 at 4°C for 24 h. The radioactivity incorporated into each lipoprotein was then assessed and reported as disintegrations per minute per milligram of cellular protein.
De novo apo synthesis and secretion. Apo synthesis and secretion were determined as described previously with slight modifications (27) . Briefly, Caco-2/15 cells were incubated for a period of 24 h with 67 Ci/ml of [
35 S]methionine (GE Healthcare) in serum and methionine-free DMEM (GIBCO) containing NEAA and puromycin (2 g/ml). After the incubation period, cells and basolateral medium were collected and antiproteases were added at a concentration of 1 mM. To maximize the amount of apos recovered, two duplicate wells were pooled. Cells were homogenized in the same lysis buffer as above. Excess amounts of antibodies against apos (A-I, E, A-IV) (Santa Cruz, CA), and apo B (Boehringer, Mannheim) were added to both cells and media along with A/G protein beads (Calbiochem, La Jolla, CA) and incubated overnight at 4°C. The immunoprecipitates were washed extensively with lysis buffer and analyzed on a 4 -15% acrylamide gradient with a 3% stacking gel. Bands corresponding to all apos were excised off the gel and counted after an overnight incubation with 1 ml of BTS-450 (Beckman) and a 48 h-incubation in 10 ml of liquid scintillation fluid (Ready Organic, Beckman). Results are reported as the ratio of disintegrations per minute of apos per milligram of protein.
Microsomal triglyceride transfer protein activity assay. The microsomal triglyceride transfer protein (MTP) activity assay was performed on differentiated Caco-2/15 cells as described previously (42, 43, 70) . Caco-2/15 cells were plated at a density of 1 ϫ 10 6 cells in 10-cm 2 plates in the same culture medium as above and differentiated for a period of 13 days. After collection, cells were resuspended in 10 mM phosphate buffer containing 10 mg/ml saponin, 10 g/ml of leupeptin and aprotinin, and 1 g/ml of pepstatin A. Cells were then centrifuged for 1 h at 70,000 rpm using a TL-100 ultracentrifuge (Beckman). Microsomal fraction was purified using a DEAE-cellulose (DE52-Whatman, Clifton, NJ) and eluted with a volume of 10 mM phosphate buffer containing 220 mM NaCl. Microsomes were concentrated with a Centricon cartridge (Millipore) at 5,000 rpm for 25 min. MTP transfer activity was then measured by assessing radioactivity transfer between donor and acceptor unilamellar vesicles. The vesicles were prepared by mixing in 250 l of chloroform the appropriate amounts of lipids. The donor vesicle contained, per assay, 4 nmol of 100 mg/ml phosphatidylcholine (Sigma), 0.33 nmol of 2 mg/ml cardiolipin (Sigma), 0.024 nmol of [ 3 H]trioleylglycerol (Amersham Biosciences), and 0.01% butylated hydroxytoluene (BHT; Sigma) whereas the acceptor vesicle comprised 24 nmol of 100 mg/ml phosphatidylcholine, 0.048 nmol of trioleylglycerol, ϳ4,000 cpm of [ 14 C]dipalmitoyl phosphatidylcholine (Amersham), and 0.01% BHT. The vesicles were then evaporated under a nitrogen stream, resuspended in a 15:35 buffer (15 mM Tris ⅐ HCl, pH 7.4, 35 mM NaCl, 1 mM EDTA, 3 mM NaN3) containing 0.5% of free FA-BSA, and sonicated. Two different amounts of microsomal protein (5,000 and 10,000 ng) were incubated with 5 l of each vesicle in 100 l of 15:35 buffer without BSA and incubated for 1 h at 37°C. The transfer reaction was stopped by the addition of 400 l of ice-cold 15:35 buffer with BSA. The donor vesicles were removed from the mixture by adsorption onto DEAE-cellulose at pH 7.4. The supernatant was collected after two centrifugations at 13,000 g to ensure the complete removal of the donor vesicles-cellulose complex. The supernatant was then transferred to glass vials and radioactivity was determined. Blank assay characterized by the incubation of both vesicles without protein served to determine the spontaneous exchange of radioactivity between the vesicles and was used to correct the percentage of lipid transfer. Cholesterol uptake. Differentiated Caco-2/15 cells were serum starved and incubated with 100 M of BSA-bound cholesterol and 0.114 Ci [
14 C]cholesterol to assess cholesterol uptake as described previously (60, 63) . After a 24-h incubation, cells were scraped in 1 ml of lysis buffer and homogenized by sonication. An aliquot of 0.1 ml was dispensed in a vial containing liquid scintillation fluid and counted for radioactivity.
Statistical analysis. All results are expressed as means Ϯ SE. Statistical analysis was performed by Student's t-test. Statistical significance was set at P Ͻ 0.05.
RESULTS

CFTR knockdown.
To explore the role played by the chloride channel CFTR in intestinal lipid metabolism, studies were carried out using shRNA-mediated gene silencing as an experimental approach to generate a cellular model deficient in CFTR. Infection of short hairpin RNA interference-expressing lentiviruses in Caco-2/15 cells resulted in gene inactivation (ϳ70%) and protein mass decrease (ϳ50%) compared with control. Mock cells, in terms of gene (Fig. 1A) and protein (Fig.  1B) expression (94 and 94%, respectively), were comparable to noninfected cells. Given the potential influence of shRNA 14 C]oleic acid for 24 h. Lipids of cell homogenates and medium were extracted with chloroform-methanol and isolated by TLC, and the radioactivity incorporated into each lipid fraction was determined. Results were analyzed as dpm/mg of total protein but were reported as percent difference relative to control. Data represent means Ϯ SE of n ϭ 3 independent experiments. *P Ͻ 0.05 vs. control. PL, phospholipids; TG, triglycerides; CE, cholesteryl ester. 14 C]oleic acid for 24 h and lipoproteins were isolated by ultracentrifugation according to their specific densities. Radioactivity incorporated into each fractions was further determined. Data were analyzed as dpm/mg of total protein but were reported as percent difference relative to control. Data represent means Ϯ SE of n ϭ 3 independent experiments. *P Ͻ 0.05 vs. control. expression per se on the variables examined in our studies, we carried out pilot experiments to compare mock and nonsilencing shRNA-infected cells. Similar results were obtained in relation to apo synthesis, MTP activity, and lipoprotein assembly and secretion. Therefore, mock cells were used as controls in subsequent experiments.
As shown in Table 1 , manipulation of CFTR expression level did not affect Caco-2/15 cell integrity. Cell survival and transepithelial resistance did not differ between control, knocked-down, and mock-infected cells. Moreover, villin expression, a sensitive index of cell differentiation, was not affected by lentivirus infection (data not shown). Altogether, these results suggested that Caco-2/15 cell integrity, permeability, and function were all preserved.
Intracellular and secreted lipid fractions. To evaluate whether CFTR disruption affects lipid cellular uptake and secretion, Caco-2/15 cells were incubated with [ 14 C]oleic acid for 24 h and the major lipid classes were assessed in cells and media. As shown in Fig. 2A , CFTR knockdown led to a 32% increase in the total amount of cellular lipids. TG represented the fraction with the highest accretion (42%), followed by CE (28%) and PL (17%), compared with control mock cells. The same pattern was observed with secreted total lipids that displayed a ϳ43% increase with the CFTR knockdown (Fig.  2B ). This raised level was mainly attributable to enhanced output of TG (42%), but also to a rise in PL (39%) and CE (38%) compared with control values.
Lipoprotein secretion. The ability of Caco-2/15 cells to assemble and secrete lipoproteins was compared between genetically modified and control mock cells. CFTR knockdown provoked a marked increase in the secretion of TG-rich lipoproteins (Fig. 3A) . LDL and HDL output followed the same trend (Fig. 3B) .
Apo biosynthesis and secretion. In an attempt to explore the mechanisms underlying the increased output of lipoproteins by Caco-2/15 cells upon CFTR knockdown, we examined the biosynthesis and secretion of apos (A-I, A-IV, B-48, B-100 , and E) with [ 35 S]methionine. Figure 4 revealed that the biogenesis of all apos except apo A-IV was increased as a consequence of CFTR knockdown. Apo B-100 was the protein that exhibited the highest increase (242%) compared with mock-infected cells. Accordingly, the apo secretion levels were also increased ranging from 165% for apo E to 826% for apo B-100 (Fig. 5) . The higher apo (B-100/B48) ratio, calculated from the synthesis and secretion rate, indicates that apo B editing is decreased in knockdown cells relative to controls.
Microsomal triglyceride transfer protein. MTP represents a key player in lipoprotein assembly in the intra-endoplasmic reticulum (ER), where it shuttles lipids from the ER membrane to the growing apo B chain, allowing the protein to translocate completely into the lumen. Since CFTR disruption led to marked accumulation of cellular lipids and increased apo B biosynthesis, we wonder whether MTP activity would follow The immune complexes were then thoroughly washed and analyzed on a 4 -15% SDS-PAGE. After electrophoresis, gels were stained in Coomassie blue and bands corresponding to each apo were excised and counted for the radioactivity incorporated. Data were analyzed as dpm/mg of total protein but were reported as percent difference relative to control. Data represent means Ϯ SE of 3 independent experiments. *P Ͻ 0.05 vs. control. the same trend. As shown in Fig. 6 , MTP activity was significantly driven up when CFTR expression was reduced.
MGAT and DGAT activity assay. Increase in cellular content of TG prompted us to check whether the activity of MGAT and DGAT, two enzymes involved in FA esterification, were influenced by CFTR disruption. Both enzymes displayed significant increases in their activity levels (68 and 241%, respectively) compared with control values (Fig. 7) .
Cholesterol uptake. Next, we wondered whether CFTR disruption effects were specific to the intracellular handling of FA, TG, and PL or may extend to cholesterol uptake. As observed in Fig. 8A , CFTR knockdown had no impact on (Fig.  8B) , which revealed no differences between CFTR-invalidated and control mock cells. Overall, these results confirmed that genetic manipulation of CFTR affects specifically the intracellular processing of FA.
DISCUSSION
The present study tested the hypothesis that CFTR plays an active role in enterocyte lipid processing. Our findings indicate that CFTR knockdown had a stimulatory effect on intestinal handling and lipid transport. In fact, when CFTR gene and protein expression were substantially lowered, Caco-2/15 cells demonstrated more ability to synthesize and secrete PL, TG, and CE. Our data suggest that the combination of increased apo The immune complexes were then thoroughly washed and analyzed on a 4 -15% SDS-PAGE. After electrophoresis, gels were stained in Coomassie blue and bands corresponding to each apo were excised and counted for the radioactivity incorporated. Data were analyzed as dpm/mg of total protein but were reported as percent difference relative to control. Data represent means Ϯ SE of n ϭ 3 independent experiments. *P Ͻ 0.05 vs. control. B biosynthesis and MTP activity favored the assembly of TG-rich lipoproteins. Additionally, the induction of apo A-I synthesis was accompanied by the stimulation of HDL production. Importantly, CFTR knockdown affects specifically the intracellular processing of FA, since no influence was observed on [ 14 C]cholesterol uptake and the protein expression involved in cholesterol influx (SR-B1 and NPC1L1) and efflux (ABCG8).
[ 14 C]oleate repartition into cellular and secreted lipid fractions revealed that CFTR knockdown results in the accumulation of cellular lipids, especially TG and PL. The main pathway of TG synthesis in the intestine is the monoacylglycerol (MG) pathway, which accounts for ϳ80% of TG incorporated into CM (57) . This pathway consists of the acylation of sn-2-MG and fatty acyl-CoA to sequentially resynthesize DG and TG by MGAT and DGAT, respectively (15) . Our data revealed that MGAT and DGAT activities were significantly increased following CFTR knockdown. At present, the mechanisms regarding the augmentation of MGAT and DGAT activity are elusive. Yet it can be envisaged that these enzymes may be influenced by lipid cofactors that modulate the activity of most membrane-bound enzymes (3, 4) and whose alterations have been elicited by CFTR (7, 30) . For example, it was demonstrated that C127 murine epithelial cells transfected with wildtype CFTR exhibited a significantly greater uptake of sphingosine 1-phosphate, dihydrosphingosine 1-phosphate, and lysophosphatidic acid than C127/mock cells transfected with the vector only or cells transfected with the ⌬F508 mutant CFTR. One possibility is that CFTR knockdown may alter the lipid environment of MGAT and DGAT, thereby impacting on their activity. Supporting evidence may originate from the fact that CFTR, in addition to its role in regulating chloride conductance in the apical membrane of epithelial cells, has been described as a multifunctional protein involved in the modulation of intracellular membrane trafficking (34) .
It is now well accepted that the intracellular assembly of TG-rich lipoproteins requires apo B synthesis and its cotranslational lipidation by TGs, a phenomenon that stabilizes the protein and prevents its proteolytic degradation by the ubiquitin-dependent proteosomal pathway (5) . Proper lipidation of apo B is achieved through MTP lipid transfer, and abnormal lipidation of apo B represents a limiting step for the synthesis and export of lipoproteins (23) . In our studies, the secretion of TG-rich lipoproteins was markedly enhanced. Obviously, the intracellular lipid accumulation coupled to the increased MTP activity, which was noted in our experiments, could have promoted apo B lipidation, prevented its degradation, and explained the high rates of synthesis and secretion of apos (B-48 and B-100). It is also reasonable to propose that changes in the amount of cellular PL, as observed following CFTR knockdown, may have profound consequences on structure, integrity, and functions of the ER membrane (62), a phenomenon that has the ability to modify apo translocation across the ER membrane leading to less degradation and more secretion. Accordingly, work performed in hepatoma cells has revealed that oleic acid, through the modulation of phospholipase A 2 (PLA 2 ) activity, contributed to the oleoyl enrichment of ER membrane PL, thereby stimulating diffusion of lipid droplets into the ER lumen in a MTP-independent manner (75). This observation is further supported by the upregulation of PLA 2 expression in the intestine of CFTR-null mice (9) .
Apo B-48 originates from the posttranscriptional mRNA editing of apo B-100 catalyzed by the mRNA-editing complex, including the catalytic subunit APOBEC-1 (74) . Intestinal apo B mRNA editing is developmentally regulated in humans and fetal small intestine predominantly secretes apo B-100. By the third trimester of pregnancy, more than 90% of apo B-48 is produced and there appears to be little modulation of this process postnatally (18) . Upon CFTR genetic manipulation, the amounts of synthesized and secreted apo B-100 were strikingly increased relatively to those of apo B-48 resulting in higher apo B-100-to-apo B-48 ratios. Molecular mechanisms underlying these changes remain unclear. Gene array performed on the intestine of CFTR-null mice revealed that RNA binding genes are differentially expressed in knockout animals (9) . Since APOBEC-1 also display RNA binding properties (1) , it is reasonable to propose that its expression might be altered following CFTR knockdown, thereby leading to impairment in the apo B editing process.
In contrast to other apos, apo A-IV biogenesis remained unchanged in CFTR-depleted cells whereas apo A-IV secretion was significantly increased. Although apos share common functions in assisting lipid transport, intestinal apos are regu- lated in different ways. In particular, ingestion of high-lipid diets produces CMs, which are synthesized by intestinal cells to trigger the synthesis and secretion of apo A-IV into blood (17, 31, 37) . Importantly, when apo A-IV release from the ER is genetically disrupted, apo B and lipoprotein secretion is inhibited (25) . If apo A-IV has been shown to facilitate the assembly of very large CM (47) , possibly by regulating the transit rate of the nascent particles through the ER (25), the stimulation of apo A-IV production requires CM assembly and trafficking (31) , which are strongly induced in CFTR-depleted cells and might have conducted to the upregulation of apo A-IV output. Another explanation for the absence of correlation between de novo synthesis and secretion of apo A-IV in CFTR knockdown cells may be related to the presence of a preformed ER pool of non-lipoprotein-bound apo A-IV, similar to what has been reported earlier for apos (B and A-I), and which is mobilized upon lipoprotein formation (49) .
CFTR is a member of the ABC protein superfamily involved in the outward and inward transport of a wide variety of organic and inorganic compounds, including lipids. One such example is ABCA1, which is responsible for PL and free cholesterol lipidation of apo A-I triggering the formation of nascent HDL (66) . Our findings revealed increased biosynthesis and secretion of apo A-I culminating in a greater HDL output, which suggests that this pathway may be highly active in the absence of CFTR. ABCA1 and CFTR share structural similarities in their NH 2 -terminal regions known to interact with accessory proteins involved in vesicle transport (66) . Furthermore, an inverse relationship between CFTR and Pglycoprotein multidrug resistance 1 expression has been previously described in CFTR-null mice, suggesting coordinate regulation between members of the ABC protein superfamily (76) . On the basis of these observations, we could speculate that ABCA1 and CFTR interact with each other, through protein-protein interactions, in a negative regulatory manner, which would explain the increased synthesis of apo A-I and HDL when CFTR expression is reduced.
CFTR and AMP-activated protein kinase (AMPK) share an overlapping distribution pattern on the apical membrane of epithelial cells raising the possibility that both interact together in vivo. In polarized epithelial cells, AMPK had been shown to phosphorylate CFTR and inhibited its activity predominantly through effects on CFTR gating (29) . Reciprocally, CFTR appears to regulate AMPK since changes in its localization and upregulation of its activity had been observed in CF human bronchial epithelial cells (28) . AMPK is a master regulator of 14 C]cholesterol. They were collected and radioactivity was determined in cell homogenates. Data were analyzed as nmol cholesterol/mg of total protein but were reported as percent difference relative to control. Data represent means Ϯ SE of n ϭ 3 independent experiments. Protein expression of transporters mediating cholesterol influx (SRB1 and NPC1L1) and efflux (ABCG8) was determined on differentiated Caco-2/15 cells infected with the empty vector (as a control) or the CFTR-shRNAi lentivirus. Results are represent means Ϯ SE of n ϭ 3 independent experiments. cell metabolism. Through the phosphorylation of various downstream targets, it regulates lipid and glucose metabolism in various organs and tissues (32) . Recently, the role of AMPK in the regulation of lipoprotein exocytosis by a liver cell line has been reported. Pharmacological stimulation of AMPK activity was demonstrated to increase the secretion of TG, apo B, and lipoprotein, emphasizing that AMPK modulates distinct mechanisms involved in intracellular lipid homeostasis (59) . Furthermore, AMPK can increase intracellular lipid supply by activating FA uptake. In noncontracting cardiomyocytes, activation of AMPK was shown to stimulate the translocation of FA translocase/CD36 transporter from intracellular stores to the plasma membrane (48) . Consistent with these observations, it appears reasonable to propose that CFTR knockdown may cause AMPK upregulation, which in turn may facilitate intestinal FA uptake and lipoprotein assembly. Elucidating the role played by AMPK in the control of lipid absorption and transport by intestinal epithelial cells and whether it mediates the action of CFTR on lipid metabolism clearly constitutes a goal for further investigation.
The fact that, in our model, residual CFTR expression approaches 50% makes conclusions difficult regarding the role of CFTR in FA metabolism of CF patients; nonetheless, our data draw attention to the situation happening in heterozygous individuals and individuals carrying other CFTR mutations characterized by reduced CFTR biosynthesis, stability, or accelerated endocytic retrieval from the cell membrane (35, 69) . The ability to produce a limited amount of intact CFTR protein results in partial phenotypic manifestations such as mildly elevated sweat chloride secretion, abnormal lipid profile, and CF-related diseases such as sinusitis and chronic pancreatitis (20, 24, 68, 79) . In line with these observations, our data revealed that the intestinal mucosa might represent a tissue affected by reduced expression of CFTR with respect to lipid metabolism although we cannot exclude the in vivo effects of other factors such as modifier genes and suboptimal intestinal chloride secretion that causes mild intraluminal and intracellular acidification with a potential impact on fat absorption and lipoprotein assembly and secretion.
CF patients suffer from severe intestinal malabsorption early in life (8) . Malabsorption occurs mostly secondary to pancreatic insufficiency, which derives from pancreatic duct obstruction and acinar cell destruction as a result of CFTR dysfunction. Moreover, CFTR mutations are linked to impaired bicarbonate secretion and progressive decline in duodenal pH thereby inactivating pancreatic enzymes and promoting bile salt and protein precipitation. Nutrient absorption is further impaired by altered motility and increased small bowel transit time. In addition to these intraluminal factors, intestinal cells can have structural modifications and alterations in PL composition (19, 64) . Very often, it has been emphasized that EFAD, highly prevalent in CF patients, is detrimental to membrane fluidity and viscosity of most cells. This, in turn, can affect membrane protein function and transport processes, thereby affecting the uptake and handling of lipids by the intestinal mucosa of CF (19, 55, 56, 61) . Accordingly, in both animals and humans, abnormal essential FA status has been shown to perturb intraluminal and intracellular phases of fat absorption (19, 44, 56) . Since CFTR knockdown in our in vitro Caco-2 cell system did not result in dysfunction of intestinal lipid transport, we reasonably propose that the in vivo fat malabsorption reported in CF patients, despite aggressive interventional therapies, is likely the result of incomplete correction of malnutrition and EFAD (affecting the mucosa) in addition to defects in intraluminal digestive factors. However, we cannot totally exclude the possibility that the ⌬F508 CFTR mutation can exert a differential effect on intestinal lipid metabolism given that it causes intracellular cholesterol and glycero-PL accumulation as well as a reduction in CE (26) .
In conclusion, data from the present work indicate that CFTR knockdown exerts a stimulated action on intestinal lipid handling and transport along with the induction of apo B biosynthesis and MTP activity, which promote the assembly of TG-rich lipoproteins in Caco-2/15 cells as illustrated in Fig. 9 . Additional studies are clearly needed to define the confounding factors that are responsible for the abnormal intraenterocyte events leading to fat malabsorption in CF patients.
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